I. INTRODUCTION
An air flow measurement is now indispensable for monitoring and control of living and working environments in a building. To this aim, the hot-wire anemometry is best suited because it can measure a turbulent flow in open space [l] . The principle of measurement is based on the resistance change of a hotwire when exposed to a flow. The heat removed from a hot-wire, and thus the wire resistance depends not only on the flow rate but on the fluid, air in our case, temperature [2] . To reduce this cross sensitivity, a wire is usually kept to the highest allowable temperature [3] . This causes another problem; the convection due to the hot wire disturbs the flow field to be measured. This makes it difficult to accurately measure the low flow rate.
A straightforward way of reducing the disturbance is to lower the operating temperature of a hot-wire. Based on this idea, the behavior of a hot-wire under the lower temperature operation is first investigated. As a hot-wire, a miniature thermistor is used because it is much cheaper and has much higher sensitivity than the Wollaston wire [4] . Two operating modes are available for thermoanemometry; the constant temperature-difference and constant temperature modes. The former seems preferable in reducing the cross sensitivity to the fluid temperature [ 5 ] , but the latter is adopted because the temperature control is simple.
The thermistor anemometer operating in the constant temperature mode poses two difficulties to its signal processing. One is the compensation for the fluid temperature and the other is linearization of highly nonlinear response. These difficulties are overcome by finding out the characteristic function which describes the voltage across the thermistor as a function of flow rate and temperature. In flow rate measurements, this function is transformed into the time domain to be compared with the voltage across the thermistor. This analog-to-digital (A/D) conversion based on the pulse-width-modulation (PWM) makes the compensation and linearization possible with a simple circuit.
Following the introductory remarks, the characteristic function and the signal processing techniques will be described in detail. Fig. 1 shows a block diagram of the anemometer. It consists of the thermistor probe exposed to a cross flow, the thermal bridge to detect the flow rate, the temperature bridge to detect the fluid temperature, the analog-todigital ( A D ) converter to extract the flow rate from the output voltage of the thermal bridge, and the liquid crystal display (LCD) to indicate the flow rate and temperature in 3-digit form. Each block will be next described in more detail. 
CONFIGURATION

A. Probe
The configuration of the probe is shown in Fig. 2 . It is composed of two matched miniature thermistors welded to stainless steel stays. The B constant and the resistance R(T,) of the thermistor are 3390K and 5.46k0, respectively, at T =298K [6] . One of the thermistors is self-heated to 343k for flow rate measurements, which is much lower in respect of a conventional anemometer and is the lowest possible temperature for the thermistor to exhibit the negative resistance. The other thermistor is incorporated to detect the fluid temperature. The thermistors and stays are arranged such that they may not disturb the flow field to be measured. 
B. Thermal Bridge
where V(O,Tr) and AV(u,Tr) denote the offset and unbalance components, respectively, at some reference temperature T,, and h(u,Tr) is the characteristic function defined by AV( u,Tr)/V(O,Tr). The temperature dependence f(Ta) is given by f(Ta) = 1-0.012(Ta-298).
This linear function fits quite well the measured results; the correlation coefficient between them is larger than 0.99996 and the variance is smaller than 0.003 in the measured flow rate range.
A kemel of the characteristic function can be derived as follows: The heat dissipated by the thermistor in unit time is given by
where C(u) = C0(l+ku"*) is the thermal radiation coefficient at the flow rate U, T is the thermistor temperature, and k is a constant whick depends on the heat conductance, the density and the specific heat of the fluid, and the dimensions a f the thermistor. In thermal equilibrium, the heat loss of the thermistor is equal to the heating power, viz.,
-; Approximation by (2) and (7). This indicates that a kernel of the characteristic function is u112 for ku1/2Nl, or ulIJ for ku1/2B1. The former is amenable to the convection due to the self-heated thermistor and thus the latter is adopted here. The approximation using the kernel U I '~ degrades in the low flow rate region because of the convection and the deviation from u1l2. To compensate for these errors, a function which is sensitive to small U is introduced; and f(Ta) given by (2) . They agree quite well with the measured voltages. The standard deviation is smaller than 0.008 and the correlation coefficient is 0.996.
C. Temperature Bridge
The thermal equilibrium condition (4) also justifies the first-order approximation (2) of the temperature effect. To compensate this effect, the temperature bridge shown in Fig. 5 is incorporated into the anemometer. The Wheatstone bridge with one arm connected to the cold thermistor in the probe detects the fluid temperature Ta. The unbalance due to the temperature deviation from T~2 9 8 K is amplified and added to the fixed voltage v b . The circuit parameters are trimmed such that the output voltage V(T ) be consistent with the temperature dependence o? the thermal bridge, viz.,
D. AID Converter
The block diagram of the A/D converter is shown in Fig. 6 
PROTOTYPE ANEMOMETER
The anemometer based on Fig. 1 was built using the off-the-shelf components except for the probe. For easy assembly, all the digital functions required for the A D conversion were implemented by a 4-bit one-chip microcomputer. It contains 256~4-bit R A M and 4Kx8-bit ROM.
A resolution specified in the flow rate range from 0 to 2m/s is 0.01ds. Thus, 8 bits are enough for the table address. To meet the specified resolution, the characteristic function to be stored into the ROM should be 2 bits finer than the address because it approaches u1I4 in the upper bound. For better accuracy, it was quantized into 12-bit word. Since one word occupies 2bytes, 400bytes of the ROM were allotted to the To evaluate its performance, the prototype anemometer was applied to flow rate measurements in a wind tunnel. The flow rate displayed on the LCD was compared with that measured by a commercial manometer. As plotted in Fig. 7 , relative errors between them are within l%FS. Errors due to the fluid temperature is also within the specified resolution. These results confirm that the signal processing techniques based on the characteristic function is valid for low flow rate measurements.
IV. CONCLUSIONS
A digital anemometer was described which used a thermistor operating in the constant temperature mode. It allows flow rate measurements with a resolution of O.Olm/s. Essential to this high resolution is the derivation of the characteristic function which describes the convection dependent behavior of the self-heated thermistor. Another key technology which enables the low cost implementation is the PWM based on the digital waveform synthesis. High performance realized by these techniques makes the present anemometer attractive to environment monitoring and air flow control of fans and air conditioners. To exploit its performance in wider flow rate and temperature range is a future work.
